Background: Poly-and oligophagous insects are able to feed on various host plants with a wide range of defense strategies. However, diverse food plants are also inhabited by microbiota differing in quality and quantity, posing a potential challenge for immune system mediated homeostasis in the herbivore. Recent studies highlight the complex interactions between environmentally encountered microorganisms and herbivorous insects, pointing to a potential adaptational alteration of the insects' physiology. We performed a differential gene expression analysis in whole larvae and eggs laid by parents grown on different diets to identify potential novel genes related to elevated microbial content in the caterpillars' food.
Background
Most Lepidopteran larvae are herbivorous and many among them are important pests in agriculture, causing severe damage to various crop plants growing in monocultures. The level of specialization even within a Lepidopteran family can vary dramatically. Larval feeding can be restricted to a specific plant part, like leaf material only or it can be extended to allow exploiting various plants including different parts of the plant (e.g. leaves, stem, flowers, and fruits) as a food source. In addition to the enormous variation in defensive proteins and secondary metabolite production, different parts of the plant are inhabited by different microorganisms [1] . Feeding on different plants and plant organs or even moving up and/ or down on the leaves of the same plant is accompanied by potential changes in the ingested microflora, both qualitatively and quantitatively. Previously [2] we showed that feeding on large amounts of essentially non-pathogenic bacteria causes substantial changes in the immune status of larvae of the cabbage looper (Trichoplusia ni). Changes can be seen in immune response related enzyme activities and protein expression in the hemolymph, but also in transcription of immune-related genes in midgut tissue. Moreover, fitness related traits are impaired in animals due to ingestion of large amounts of bacteria in comparison to larvae feeding on sterile diet.
The mounting of immune responses is costly [3] and can result in severe autoimmune effects in insects [4, 5] . However, very little is known about the accompanying changes in metabolic processes and the physiology of insects in the course of immune responses. This probably stems from the fact that researchers have mostly focused on known immune effectors and have also often restricted their analysis to direct immune repertoire cells, like hemocytes. A number of physiological changes taking place in the body during any immune insult may not be directly linked to the immune system, but to dealing with harmful side effects of the targeted immune response, allowing the organism to maintain homeostasis under stressful conditions.
An increasing amount of genomic data is accumulating for numerous invertebrates, as whole genome sequences are available now for honey bee (Apis mellifera) [6] , fruitfly (Drosophila melanogaster) [7] , mosquito (Anopheles gambie) [8] , and the flour beetle (Tribolium castaneum) [9] , and this has led to the flourishing of comparative immunology as an approach to study host-parasite interactions. Although the screening of various EST libraries and comparing strictly immune induced markers has revealed much information about immunity, this approach is based on previously identified genes from other organisms. This leads to the situation where it is hard to study new factors associated with a changed immune status, not necessarily directly involved in classical comprehension of the immune response. Furthermore, most studies focus on strictly pathogenic interactions. We therefore applied a random screening approach to identify novel genes involved in immune status changes of T. ni. We chose the GeneFishing method, a novel differential display technique, in order to study differential gene expression in a system with very little prior DNA sequence information.
In our study we examined global gene expression level differences, dependent on the dietary conditions of an herbivorous Lepidopteran larva. Transcripts of two and seven day old larvae grown on plants, on bacteria-supplemented and on non-supplemented artificial diet were compared. In addition we wanted to address the question whether parental diet can induce changes in gene expression in the following generation. To accomplish that, we compared the transcripts of eggs laid by parents grown on bacterial and bacteria-free diet. We show that changes in immune status are accompanied by specific changes in the transcript levels of genes connected to metabolism and homeostasis of the organism.
Methods

Animals
Cabbage semilooper (Trichoplusia ni) eggs were obtained from Entopath Inc. (USA). Larvae of Trichoplusia ni were grown on three different diets at room temperature (23°C) and a 16/8 h light/dark cycle, and at 55% relative humidity.
To estimate the impact of bacteria in the diet, three feeding groups were formed: larvae were fed on artificial diet [2] with or without bacteria (later referred to as bacterial and bacteria-free diet) and on cabbage plants (Brassicae oleraceae). Bacteria-free diet and plants may in fact contain low levels of environmental bacteria. Bacterial diet was specifically enriched for bacteria by soaking with overnight cultures (OD600 = 4) (2.5 ml/40 cm 2 ) of Escherichia coli and Micrococcus luteus (~80 μg per 125 g of diet). Diets were changed every three days to keep the bacterial concentration in the diet at approximately the same level. To equalize the amount of handling stress between the plant diet and artificial diets, all the larvae feeding on cabbage plants were resettled on new plants also with the interval of three days.
To study the effect of parental diet on the gene expression in the eggs, two crosses were set up. Adults grown on bacteria-free diet were mated with each other (NǨNǩ) and adults grown bacterial diet (BǨBǩ) were crossed with each other. Matings were carried out in 21 × 13 × 13 cm cages. Three day old eggs were collected and used for further expression analyses.
Differential gene expression analysis
To study differential gene expression between T. ni larvae grown on plant, bacterial and bacteria-free diet the DEG GeneFishing Kit (SeeGene, Seoul) was used, following the manufacturer's protocol. Briefly, 3 μg of DNA-free total RNA was converted into single-stranded DNA using annealing control primer one (dTACP1) and two (dTACP2) which prime from the polyA tail, and a mixture of different reverse transcriptases (Array Script, Ambion; Bioscript, Bioline). Second-strand cDNA synthesis and subsequent PCRs were performed essentially as described in the DEG GeneFishing protocol. We used a total of 40 different ACP (annealing control primer) pairs. ACP primers are designed for highly specific PCR in a two-stage process. In the first stage, amplification is based on a perfect match between the short 3' end of the ACP and the cDNA template; and the second more stringent stage further amplifies the specific product based on pairing of the longer 5' end of the ACP to a additional primer; with no further nonspecific amplification from the cDNA template. Like all differential display techniques, this method identifies a fraction of the total gene expression changes, depending on the number of different primers employed.
PCR products were separated and visualized on 2% agarose gels. Bands were scored visually and differentially expressed bands were cut out from the agarose gels and PCR products were extracted using the Zymoclean Gel DNA Recovery Kit ™ (Zymo Research) according to the manufacturer's instructions (Figure 1 ). DNA fragments were cloned into the TOPO TA cloning vector (Invitrogen) following the manufacturer's protocol. For identification of inserted DNA, isolated plasmids were sequenced (Applied Biosystems, ABI). BLAST searches were conducted on a local server using the National Center for Biotechnology Information (NCBI) Blastall program and best hits were recorded.
To assess the amount of internal variation within treatments, we selected two treatments, formed three different pooled samples for each, and used 20 ACP primer pairs to search for variation among the samples from the same treatment group. No differences were found for this subset (data not shown); therefore we used a single superpool for each treatment group in subsequent analysis.
RNA isolation
Dissected insect midguts and the rest of the bodies (except for the head capsules) were ground using a motorized hand pestle and total RNA was isolated using the TRIzol Reagent (Invitrogen) according to the manufacturers' protocol. To isolate RNA from whole larvae, eggs and adults, tissues were submersed in liquid nitrogen and homogenized using mortar and pestle, the powder was dissolved in TRIzol Reagent (Invitrogen) and RNA was extracted according to the standard protocol. An additional DNAse (Turbo DNAse, Ambion) treatment was included prior to the second purification step to eliminate any contaminating DNA. A second purification step was performed with RNeasy MinElute CleanUp Kit (Qiagen). RNA integrity was verified on an Agilent 2100 Bioanalyzer using RNA Nano chips (Agilent). RNA quantity was determined photospectrometrically using a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific).
Quantitative real-time PCR 500 ng of DNA-free total RNA was converted into singlestranded cDNA using a mix of random and oligo-dT20 primers according to the ABgene protocol (ABgene). Realtime PCR oligonucleotide primers were designed using the online Primer3 internet based interface http:// frodo.wi.mit.edu. Primers were designed by the rules of highest maximum efficiency and sensitivity rules were followed to avoid formation of self and hetero-dimers, hairpins and self-complementarity. Gene-specific primers were designed on the basis of sequences obtained for selected T. ni genes and several additional genes as potential house-keeping genes to serve as the endogenous control (normalizer) [see additional file 1]. Q-RT-PCR was done in optical 96-well plates on a MX3000P Real-Time PCR Detection System (Stratagene) using the Absolute QPCR SYBR green Mix (ABgene) to monitor doublestranded DNA synthesis in combination with ROX as a passive reference dye included in the PCR master mix.
Results and discussion
Differential gene expression analysis in dietary challenged T. ni larvae and eggs We examined gene expression patterns using GeneFishing, a PCR-based differential display technique. Analysis was carried out using purified RNA from 2 and 7 day old whole larvae and eggs. After 40 PCR cycles, agarose gel electrophoresis revealed cDNA bands ranging in size from 100 bp to 2.5 kb. Using a combination of 60 arbitrary ACP primers and two anchored oligo(dT) primers, a total of 323 bands were visualized on agarose gels. 60 bands were Example of gel with separated PCR products from differential gene expression analysis Figure 1 Example of gel with separated PCR products from differential gene expression analysis. (2B -2 day old larvae on bacterial diet, 2N -2 day old larvae on bacteria-free diet, 2P -2 day old larvae on cabbage plants; 7B -7 day old larvae on bacterial diet, 7N -7 day old larvae on bacteriafree diet, 7P -7 day old larvae on cabbage plants; EN -eggs laid by parents grown on bacteria-free diet, EB -eggs laid by parents grown on bacterial diet). A_88, A_89, A_90 are primer pairs used for GeneFishing analysis.
identified as differentially expressed between larvae fed on three different diets and those bands were cut out of the agarose gels, purified, cloned and sequenced. In the case of eggs, 31 differentially expressed bands were identified out of 141 total bands. Obtained sequences were compared to the National Center for Biotechnology Information databases using a blastx program (Table 1) .
Like all differential display techniques, the GeneFishing method can be expected to reveal a subset of expression differences; and may be biased towards more abundant transcripts. Although relatively new, it has already been applied to studies of animal neurophysiology [10] , cancer [11] and plant allellopathy [12] and development [13] . So far a quantitative evaluation of the technique compared with others such as cDNA-AFLP, RAPD-differential display, or microarray analysis has not been carried out. Thus we selected 21 genes for further testing by an independent method (qRT-PCR) for differential gene expression in various tissues of larvae grown on bacterial and bacteria-free diet, and also in adults.
Physiological changes upon feeding on different diets in larvae
We were able to identify 102 differentially expressed genes among larvae grown on different diets ( Table 1) . Several of these genes show age dependent expression levels, being influenced by diet only at certain developmental stages. We divided the identified genes into eight functional categories/clusters -defense and recognition, development, digestion, DNA-related, metabolism, ribosomal proteins, signaling and genes with unknown function. In addition we also listed the transcripts which gave no significant hit to any known protein or expressed sequence tag (EST) library (Table 1 ). In total we were unable to identify 49 of our transcripts via Blast searches. The reasons we failed to identify a number of transcripts could be partially embedded in the approach we took for studying global gene expression patterns. Due to the methodology of the GeneFishing technique, we mainly amplify regions of the mRNA close to the polyA tail and the 3' UTR region of the transcript, which is not the most informative for identification of the gene, as it contains non-coding sequence. This method in combination with the lack of the sequence information when studying a non-model organism can lead to difficulties with gene identification.
When examining the transcripts involved in defense and recognition we found several strictly immune response related genes, but also general stress and detoxification related indicators (Table 1) . The immunity related genes show a very interesting expression pattern when comparing larvae feeding on different diets. The immune inducible effector molecule gloverin [14] is highly abundant in 2 and 7 day old larvae fed on plant and bacterial diet [see additional file 2]. The expression patterns for hemolin and HDD1, both known to be part of the immune response and up regulated upon immune challenge and bacterial feeding [2] , are more complex. We see higher expression of hemolin in 2 day old bacteria-free diet fed larvae and 7 day old bacterial and plant diet larvae. HDD1 is expressed in all the larval stages and eggs at the same level, with the exception of a higher expression in 7 day old bacterial diet fed larvae. Hemolin is an immune protein in Lepidoptera, participating in phenoloxidase mediated immune responses [15, 16] , and its silencing in Hyalophora cecropia pupae is lethal for the next generation [17] . Hemolin is supposedly also involved in antiviral defense [18] , whereas the function of HDD1 in immunity is not really known so far [19] . A cathepsin L-like protease was up regulated in 2 day old larvae grown on plant and bacteria-free diet in comparison to bacterial diet fed larvae, and it was highly expressed in 7 day old bacteria fed larvae [see additional file 2] . Cathepsin L-like proteases are cystein proteases, which are known to participate in tissue remodeling during insect metamorphosis [20] . In the case of vertebrates, this enzyme is also known to be involved in immunological processes, and in the leech Theromyzon tessulatum cathepsin L is involved in direct immune responses [21] . We observed the down regulation of a C-type lectin receptor gene in 2 day old larvae fed on plants and in 7 days old larvae fed on bacterial diet [see additional file 2]. These lectin receptors are involved in antifungal immunity mediating fungal binding, uptake and killing, and are probably also contributing to initiation and/or modulation of the immune response of the whole organism [22] . Most interestingly we also observed the down regulation of C-type lectins, possibly implying that also general immune response related genes are influenced upon bacteria-rich diet. In case that lectins are also involved in antifungal defenses of T. ni, then down regulation of this type of defense-related genes could be caused by trade-offs between various immune system components, e.g. antibacterial vs. antifungal defenses. This is in good correlation with our previous findings, where we see several immune inducible genes up regulated in midgut tissue upon larval exposure to bacterial diet [2] . Two different cytochrome c related genes were up regulated in 2 and 7 days old larvae fed on plant and bacterial diet [see additional file 2] . Cytochromes c (cytC) are electron-transfer proteins, having one or more heme c groups attached to proteins. Cytochromes c possess a wide range of properties and function in a large number of different redox processes, present in bacteria and mitochondria [23, 24] . Seven day old plant feeding larvae also show a higher expression of a glutathione S-transferase (GST) when compared to the other diets. GST proteins are known to be involved in insecticide and plant toxin detoxification. The up regulation of a GST in the larvae feeding on plants could thus be explained by a strict cor- relation with the detoxification of plant secondary compounds [25] rather than a response to the bacterial load of the plant material. We can assume that our observation of the up regulation of several defense reaction-related transcripts in the larvae feeding on plant and bacterially challenged diet to be symptomatic of increased stress levels for the organism. Up regulation of immune responses is considered costly, as it often involves the release of multiple, potentially cytotoxic molecules, which in turn can cause activation of other stress related defenses [26] [27] [28] . This crosstalk between different biotic and abiotic stressors can lead to a significant overlap of the resulting complex transcriptional changes.
Among the genes related to insect development we identified a member of the chitinase gene family and two genes involved in muscle development. There is no clear diet dependent expression pattern of these genes [see additional file 2]. Differences in the expression of genes involved in developmental processes are possibly related to the physiological costs for feeding on nutritionally (plant vs. artificial diet) and microbially (bacterial vs. bacteria-free diet) different diets. These might be associated to delayed development and reduced pupal masses, as could be seen in our previous study [2] . Such negative effects in life-history traits are often accompanied with reduced reproductive success [29] .
The differential gene expression analysis revealed altered expression levels of various digestive protein genes depending on the diet (Table 1 ). Major differences could be observed when comparing larvae fed on plant diet and both artificial diets. Both a trypsin and a lipase show a higher expression level in 7 day old larvae fed on plant diet and trypsin also in the 2 day old larvae fed on similar diet [see additional file 2]. These changes in expression levels could be linked to the occurrence of protease inhibitors in leaf tissue [30] or to overall differences in lipid and protein concentrations in the plant tissue in comparison to the optimal artificial diet. There is no clear presence or absence pattern in the expression of genes coding for digestive enzymes, but differences in expression levels. Bacterial diet and bacteria-free diet show no differences in the expression of digestive enzyme coding genes, with the exception of one trypsin, which is expressed only in bacteria fed larvae. Thus the costs of fitness-related traits, seen with larvae feeding on bacterial and bacteria-free larvae [2] are probably not directly linked to a complete remodeling of the digestive processes.
Several metabolism related genes were identified as differentially expressed in our analysis. Enolase was found to be highly expressed in 2 and 7 day old larvae fed on bacterial diet. Enolase is a metalloenzyme with catalytic activity involved in glycolysis and is present in all tissues and organisms capable of glycolysis or fermentation [31] . 2 day old larvae fed on bacterial diet had higher mRNA levels for a glucose-methanol-choline oxidoreductase (GMC oxidoreductase) and protease inhibitor 1. GMC oxidoreductases belong to a large family of diverse FAD enzymes. In insects these enzymes are often involved in the regulation of common developmental and physiological processes related to ecdysteroid metabolism [32] but in many cases their functions are still unknown. Protease inhibitors are a class of proteins involved in regulating the activity of various endogenous and exogenous proteases. However, they can also have a role in digestive processes, as well as defense or development [30] . We could also identify a number of enzymes involved in ATP binding and synthesis and several ribosomal proteins to be differentially expressed in 2 and 7 day old larvae grown on different diets [see additional file 2] . When examining the expression pattern of genes putatively identified as proteins involved in signaling, we detected a general trend of higher expression levels in plant and bacterial diet fed larvae [see additional file 2]. The changes in genes involved in general metabolism advocate serious constraints exerted on the organism by alteration of the quality of the diet plant vs. artificial but also bacterial vs. bacteria-free diet.
Tissue-specific differential gene expression
To examine the expression of a selected subset of genes more closely within the organism, we used midguts and non-midgut tissue (the rest of the body) of 9 day old T. ni larvae grown on bacterial and bacteria-free diet. We found a number of genes to be down regulated in the midgut tissue of bacteria fed larvae, namely GMC oxidoreductase, lectin 4, a protease inhibitor and titin1. Glutathione Stransferase 1 was the only gene we found to be down regulated in the rest of the body of bacteria-fed larvae, whereas GMC oxidoreductase, a putative G-protein coupled receptor, alcohol dehydrogenase, tyrosine-protein kinase and a serine protease were up-regulated ( Table 2 ). The alcohol dehydrogenase belongs to the short-chain dehydrogenases/reductases (SDR), a large enzyme family, most of which are known to be NAD-or NADP-dependent oxidoreductases [33] . These alterations are possibly connected with an elevated immune status [2] caused by feeding on bacteria rich diet and could be directed to deal with harmful side effects of the elevated immune status and/or help in the case of possible infection.
Differential gene expression in T. ni adults 21 selected genes were also examined for differential expression in pooled adult female and male insects, and three were found to differ in expression levels between the diet the larvae had encountered. A putative chitin binding protein was down regulated and an alcohol dehydrogenase up regulated (Table 3) if pooled mRNA from both sexes was examined. In addition, we studied the expression of some of the genes in both sexes separately, and we could find higher levels of cytochrome c oxidase and alcohol dehydrogenase transcripts in bacteria-fed males. With the exception of these three genes we were not able to see any differential expression in genes selected from our GeneFishing analysis in the adult stage of T. ni. The relatively small number of differentially expressed genes found in the adult stage could be due to the fact that we have pre-selected gene candidates based on expression data in larvae, and the physiological requirements for adult moths are quite different from those of larvae.
Differential gene expression in T. ni eggs laid by parents grown on different diets
Our analysis shows that a number of defense related genes are differentially expressed between eggs laid by parents grown on bacterial (EB) or bacteria-free (EN) diet. Cytochrome C oxidase and GST1 are highly expressed in EB eggs, whereas a BCP inhibitor-like gene and Mn superoxide dismutase transcripts are more abundant in EN eggs [see additional file 2]. GST1, like cytochrome C, belongs to a large family of proteins also involved in various detoxification processes [25] . BCP inhibitor is a cysteine proteinase inhibitor, which has been isolated and characterized from Bombyx mori eggs and is known to be involved in degradation of yolk proteins [34] . We also found two developmental gene transcripts highly abundant in EB eggs, namely titin1 which is known to be important in muscle development [35] and a hypothetical chitin binding domain containing protein.
In addition to developmental genes we have also identified two genes with DNA binding function to be highly expressed in EN and EB eggs, namely ORF 29 protein and histone H2B protein. As already seen in the larvae, also in the eggs a number of ribosomal proteins showed differential expression depending on the diet [see additional file 2].
Taken together, these results indicate that environmental conditions experienced by larvae of the parental genera- Results are shown for animals grown on bacterial diet, where bacteria-free diet treatments were set to 1 (values are mean ± SD).
tion can have substantial effects on the physiology of the next generation, and that these effects can be measured at the gene expression level. If expression differences in eggs carry over into the larvae that develop from them, this would support the idea that parents are able to prime their offspring against possible environmental stressors, like increased microbial content, but probably also other factors. The phenomenon of trans-generational priming of immunity has been reported for insects in studies that show increased survivorship or tolerance of infection among offspring of pre-exposed parents; however the underlying genes have not yet been investigated [36] [37] [38] [39] .
In the present study we show that trans-generational priming of genes expressed in the eggs can be caused by exposure to bacteria in the parental diet. In a separate study we have extended these findings to genes expressed in larvae of the offspring generation. These findings draw attention to the importance of the parental environment, as one of the factors shaping the phenotype of the organism.. It can be one of the major sources for the phenotypic variation of several physiological features influencing fitness and reproduction. Trans-generational effects require more attention in studies of the factors shaping the ecology and physiology of organisms.
Conclusion
The ecophysiology of any organism is a complex and multifaceted set of processes involving responses to all possible changes in biotic and abiotic environmental factors. Important biotic stress related effectors of the physiology of any organism are diet and defense linked changes in habitat. Innate immunity is a central part of the insects' defense mechanism for dealing with physiological adaptations to biotic stressors in the form of parasites and pathogens. The immune regulatory pathway cascades include a huge number of different cellular and humoral components, many of which are in tight and complex relation to other physiological processes. Results are shown for animals grown on bacterial diet, where bacteria-free diet treatments were set to 1 (values are mean ± SD).
Here we report a comparative analysis of differentially induced transcripts for T. ni larvae and eggs laid by parents grown on bacterially challenged diet. We selected a differential gene expression study method that does not require previous sequence information, as we use a non-model Lepidopteran species. Comparing transcripts of whole larvae fed on three different diets shows that changes in gene expression are connected with different processes related to metabolism and homeostasis. We also detected several immunity related genes with our differential gene expression analysis. Gloverin, HDD1 and hemolin have been found to be highly abundant also in midgut tissue of bacterial feeding larvae [2] . Changes in immune status are accompanied by alterations in the expression of genes coding for diverse physiological processes. We were able to identify a number of genes showing diet dependent expression, linked to an adjusted physiological status. We observed different expression patterns for a number of classically stress-related genes among others. This is in good correspondence with studies indicating that a variety of stresses can affect immune function in insects [40] and that immune response and alteration of immune status are stressful for an organism [27, 28] . It is also clear that these differences are not necessarily the same in different life stages and/or tissues. Furthermore, gene expression in eggs produced by individuals exposed to dietary bacteria was affected in some cases, indicating the potential for transgenerational transmission of an immune response.
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